Quantum coherence in solid-state systems has been demonstrated in superconducting circuits [1] and in semiconductor quantum dots [2] . This has paved the way to investigate solid-state systems for quantum information processing with the potential benefit of scalability compared to other systems based on atoms, ions and photons [3] . Coherent coupling of superconducting circuits to microwave photons, circuit quantum electrodynamics (QED) [4] , has opened up new research directions [5] and enabled long distance coupling of qubits [6] . Here we demonstrate how the electromagnetic field of a superconducting microwave resonator can be coupled to a semiconductor double quantum dot. The charge stability diagram of the double dot, typically measured by direct current (DC) transport techniques [7] , is investigated via dispersive frequency shifts of the coupled resonator. This hybrid all-solid-state approach offers the potential to coherently couple multiple quantum dot and superconducting qubits together on one chip, and offers a method for high resolution spectroscopy of semiconductor quantum structures.
Quantum coherence in solid-state systems has been demonstrated in superconducting circuits [1] and in semiconductor quantum dots [2] . This has paved the way to investigate solid-state systems for quantum information processing with the potential benefit of scalability compared to other systems based on atoms, ions and photons [3] . Coherent coupling of superconducting circuits to microwave photons, circuit quantum electrodynamics (QED) [4] , has opened up new research directions [5] and enabled long distance coupling of qubits [6] . Here we demonstrate how the electromagnetic field of a superconducting microwave resonator can be coupled to a semiconductor double quantum dot. The charge stability diagram of the double dot, typically measured by direct current (DC) transport techniques [7] , is investigated via dispersive frequency shifts of the coupled resonator. This hybrid all-solid-state approach offers the potential to coherently couple multiple quantum dot and superconducting qubits together on one chip, and offers a method for high resolution spectroscopy of semiconductor quantum structures.
Semiconductor quantum dots are highly controllable solid-state quantum systems [8, 9] . Charge measurements in the radio frequency (RF) regime have been demonstrated [10] [11] [12] [13] and recently a lumped element RF resonator was used to measure the quantum capacitance of a double dot [14] . A number of schemes have been proposed for the scaling of quantum dot based quantum information processing [15] [16] [17] [18] . In this work we implement a form of circuit QED [4] , coupling charge states of a double dot to the field of an on-chip microwave transmission line resonator [15] .
The sample investigated is shown in Fig. 1a -c along with an electrical circuit schematic (Fig. 1d) . The microwave resonator (see Fig. 1a ) is realized using a 200 nm thick Aluminum coplanar waveguide on GaAs and is capacitively coupled to an input and output line to probe its transmission spectrum. The double quantum dot (see Fig. 1c ), is fabricated at the position of an anti-node of the standing wave field distribution of the resonator. The left and right dots (LD, RD) are arranged in series with respect to the source and drain (S, D) and are realized on an Al x Ga 1−x As heterostructure with the twodimensional electron gas (2DEG) at a depth of about 35 nm below the surface.
To enable a strong coupling between the two systems, an additional gate (RG) (Fig. 1c) was implemented, which extends from the resonator to the right quantum dot. This gives a selective capacitive coupling of the resonator to the right quantum dot, confirmed by DC biasing the resonator via an on-chip inductor (Fig. 1a, inset) . This results in a strong dipole coupling of the resonator to two charge states in which an electron is on either the left or right quantum dot. In order to accommodate the gate (RG), a design is realized in which the dots are placed at the mesa edge (beyond which the 2DEG is etched away), which is used as part of the confining potential. To complete the formation of the dots, negative voltages are applied to metallic top gates (Fig. 1a) , below which the 2DEG is then depleted.
The static potential on the dots is tuned via the two plunger gates V LP and V RP . To allow electron transport, the two dots are connected to each other and to the source (S) and drain (D) contacts through tunnel barriers, tunable by V L , V C and V R (see Fig 1c, d ). Due to finite capacitive coupling, these tunnel barrier gates also tune the dot potentials in a similar way to the plunger gates. The resonator (R) is probed with a coherent microwave signal at a frequency ν R . The amplitude A and phase φ of the transmitted signal are extracted from the field quadratures I and Q, as Ae iφ = I + iQ, measured by heterodyne detection [4] . The experiments are performed in a dilution refrigerator with a base temperature of T ≈ 10 mK.
We first investigated the DC transport properties of the double quantum dot (see Fig. 2a ) with a source-drain voltage of V SD = 50 µV applied. To change the electrostatic potentials on the quantum dots, the voltages V L and V R are varied while all the other gate voltages are fixed. A hexagon charge stability pattern is observed, typical for electron transport through double quantum dots [8] . Within each hexagon, the number of electrons (N, M) in the dots is fixed. At the triple points, where three charge states are degenerate, charge transport is possible and a conductance resonance is observed. The current seen along four of the hexagon boundaries is caused by co-tunneling or molecular orbital states [19] . Along the two remaining hexagon boundaries (indicated with arrows in Fig. 2a ) where no DC current was measured, two quantum dot charge states with the same total number of electrons are degenerate [8] . The charging energies E C of both quantum dots, extracted from Coulomb diamond measurements, are E C ≈ 1 meV ≈ h×240 GHz. Both quantum dots contain on the order of 100 electrons and an electron temperature of T e < ∼ 135 mK is estimated from Coulomb resonance linewidths [7] .
The microwave resonator is designed as in Ref. [20] and we measure a fundamental frequency ν 0 ≈ 6.7549 GHz and loaded quality factor [21] Q L ≈ 2630, with all gates grounded such that no quantum dots are formed. The resonator is well isolated from thermal radiation originating from the higher temperature stages of the dilution refrigerator, and is hence approximately in its thermal ground state with average thermal photon number n < 1.
When the double quantum dot is formed by applying appropriate gate voltages, we find that the resonator frequency and linewidth are sensitively dependent on the double dot gate voltage configuration. In Fig. 2d and e, the amplitude and phase transmission spectrum of the microwave resonator is shown, for the two voltage settings indicated with (1) and (2) in Fig. 2a . Note that here, and in all further microwave transmission measurements, source and drain are grounded. In both configurations (1) and (2), transport is blocked between the leads due to Coulomb blockade. However, in (1), the electron number in both dots is fixed, whereas in (2), a pair of left and right dot charge states are degenerate and hybridized states are formed. Different resonance frequencies and maximum transmission amplitudes are seen in the two cases. This indicates that there is a strong interaction between the double dot and the resonator.
We now proceed to measure the double dot using the resonator, working with a fixed probe frequency ν M and recording the transmitted amplitude and phase. Such measurements for the same gate voltage ranges as in Fig. 2a are shown in Fig. 2b and c, and the same hexagon pattern shown in Fig. 2a is also overlayed (red dashed line). Amplitude and phase changes are observed at the triple points and along the interdot charge transfer lines where left and right dot charge states are degenerate. There is however no clear change of the microwave signal measured along the cotunneling lines. The hexagon pattern shown in Fig. 2b and c could be observed over a range of more than 10 electrons in both left and right dot, including gate voltage settings where the tunneling rates were so small that the DC current through the double quantum dot could not be detected in direct transport measurements (I < ∼ 80 fA). These measurements suggest that the microwave signal is sensitive to electron exchange between the two dots rather than with the leads.
We now examine the transmitted phase at ν M in the vicinity of one particular interdot charge transfer line, for different values of interdot tunnel coupling energy t, tuned using V C . More negative V C gives a smaller t. The two plunger gates V LP,RP are swept (rather than V L,R ), to minimize the change of the tunnel rates to the leads. In Fig. 3a and b the center gate is set to V C = −120 mV and V C = −119 mV respectively. V L,R are set such that the tunneling rates to the leads are too small to measure DC transport. Despite the small change in V C between the two measurements, a clear difference is observed. In  Fig. 3a , two regions of negative phase shift are seen either side of a region of positive phase shift along the interdot charge transfer line. In Fig. 3b however, a single region of negative phase shift is seen, similar to the features shown in Fig. 2c . Note that negative/positive phase shifts translate directly to negative/positive resonance frequency shifts (see Fig. 2d and e) .
In order to directly determine the resonator frequency shift ∆ν 0 and linewidth κ * across the interdot charge transfer line, V LP and V RP are swept in parallel following the red dashed lines in Fig. 3a and b . For each voltage setting the full transmission spectrum (see Fig. 2d ) is recorded, which allows pure frequency shifts to be easily distinguished from dissipative effects. The parameters ∆ν 0 and κ * are obtained by fitting these spectra to Lorentzians, and are plotted with respect to the plunger gate voltage changes for the two different interdot tunnel coupling strengths in Fig. 3 c-f .
In order to explain the observations seen in Fig. 3 , the hybrid system is modeled as a charge qubit [2] coupled to a quantized harmonic oscillator, with the JaynesCummings Hamiltonian in the rotating wave approximation [15] ,
Here ν 0 is the resonator frequency, δ the detuning energy between the charge qubit states, t the tunnel coupling energy between the dots, andhg the coupling energy between the resonator and the qubit. The photon number operator isn = a † a, and σ +/− and σ z are Pauli operators for the qubit.
The two lowest eigenenergies of the coupled system are displayed as a function of δ in Fig. 4a, and Fig. 4b and c, for the cases 2t < hν 0 and 2t > hν 0 respectively. The bare resonator frequency ν 0 and bare charge qubit transition frequency ν q are modified in the presence of a finite coupling g to give the solid black lines in Fig. 4a . Within this model, which does not include decoherence, an avoided level crossing occurs at ν q = ν 0 [22] . In Fig. 4b and c, the dispersive case is displayed in which ν q is far detuned from ν 0 , for all δ. The presence of the qubit (Fig. 4b) now only results in a shift of the resonator frequency to values below ν 0 (Fig. 4c) [22] .
We now compare the data shown in Fig. 3c -f to steadystate numerical simulations of the Hamiltonian (equation (1)), including cavity and qubit damping, and qubit decoherence, in a Markovian master equation formulation [23] . The results are shown as red lines in Fig. 3c f. We take a relaxation rate γ 1 /2π = 100 MHz typical for charge qubits [24] , and the bare resonator frequency ν 0 = 6.75564 GHz and linewidth κ/2π = 2.58 MHz from measurements. A factor is used to convert gate voltage settings to detuning energy δ, shown on the top axis of Fig. 3c-f . We find that the simulations lie close to the data if we include a coupling strength g/2π = 50 MHz for all datasets, but take a different tunneling energy t and dephasing rate γ φ for the two different settings of V C . For V C = −119 mV (Fig. 3d and f) , we use 2t/h = 9 GHz, and γ φ /2π = 0.9 GHz, corresponding to the dispersive case (Fig. 4c) , to obtain close agreement with the phase shift and linewidth data. For V C = −120 mV (Fig. 3c  and e) , we use 2t/h = 6.1 GHz, and a significantly larger γ φ /2π = 3.3 GHz. In this case, the charge qubit crosses the resonator in the model, but anticrossings are not observed due to the large dephasing γ φ . Moreover, while the phase shift is in close agreement, the measured linewidth (Fig. 4e) is lower than in the simulation. There are many possible causes for this discrepancy. Indeed, this simple model does not take into account the δ-dependence of the double quantum dot relaxation [24] and dephasing [2, 25] rates. Moreover, our Markovian approach assumes white rather than 1/f noise. This can be expected to lead to discrepancies, especially given the large value of the dephasing rate used here.
The result of this comparison to simulation indicates that the qubit dephasing is by far the dominant decoherence mechanism, and it was checked that inclusion of finite temperature or a higher value of γ 1 could not explain the data. It was also confirmed both experimentally and in simulation that the results in Fig. 3 are independent of coherent resonator population up to n coh ∼ 10. The displayed measurements used n coh ∼ 10 to obtain good signal-to-noise while keeping the measurement time short to avoid rare charge reconfigurations.
We have successfully demonstrated the dipole coupling of a double quantum dot to an on-chip superconducting microwave resonator, and probed the double dot charge stability diagram by measuring resonator frequency shifts. Two different characteristic regimes with interdot tunnel couplings of the double quantum dot above or below the resonator frequency could be observed and explained. Our architecture offers a new way to probe semiconductor quantum systems in the microwave regime, and may be used, for example, for high energy-resolution measurements of double quantum dots [26] , and fast time-resolved measurements, in addition to being a promising platform for scalable hybrid solid-state quantum information processing. The presented scheme could be extended to other material systems, manipulating and reading out spin qubits [9] and coupling them to a microwave resonator using either ferromagnetic leads [27] or spin orbit effects [28] .
While preparing this manuscript we became aware of a related work [29] , in which a carbon nanotube single quantum dot and its fermionic leads were coupled to a microwave resonator.
